Multicarrier DS-CDMA is an effective approach to combat fading and various kinds of interference. In this paper, we present an overlapped multicarrier DS-CDMA system, wherein each of the rate M / 1 convolutionally-encoded symbols is also repetition coded and transmitted using overlapped multicarriers. However, since the frequency spectrums of successive carriers are allowed to overlap, the transmission bandwidth is more efficiently utilized. The effect of the overlapping percentage between successive carriers of a multicarrier DS-CDMA system on the performance is investigated to determine the overlapping percentage showing the best performance. We suggest two methods for sub-band overlapping variation. One is to allow variation of sub-band overlapping percentage when the total number of subcarriers is fixed. The other is to increase the number of sub-bands (the number of repetitions R ) with fixed subband bandwidth. Given a total number of subcarriers MR , we show that the BER variation is highly dependent on the roll-off factor β of a raised-cosine chip wave-shaping filter irrespective of convolutional encoding rate M / 1 and repetition coding rate R / 1 . We also analyze the possibility of reduction in total multi-user interference by considering the variation of both the roll-off factor ( 1 0 ≤ < β ) and the sub-band overlapping factor ( 2 0 ≤ < λ λ λ λ ), and show that the proposed system may outperform the multicarrier DS-CDMA system in [3] .
I. INTRODUCTION
Multicarrier DS-CDMA is an effective approach to combat fading and various kinds of interference. In the DS-CDMA systems, a rake receiver can be used to exploit path diversity and effectively combat the performance degradation due to multipath. Since the exponential delay on the path strength will render the more delayed paths less and less useful, it is not proper to take rake receiver structure having the same number of branches as the resolvable paths for the wideband DS-CDMA system. It also requires more stringent synchronization due to the shorter chip period. To overcome this difficulty, the multicarrier system has been studied, in which the coherence bandwidth of the channel is the same as sub-band bandwidth. If the bandwidth of a sub-band is selected to be approximately equal to or less than the coherence bandwidth of the channel, then each multicarrier sub-band will tend to fade nonselectively. The multicarrier system was suggested to realize a wideband system in the frequency selective fading channel having multipath characteristics [1] .
The current literature on multicarrier (MC) modulation as applied to DS-CDMA may be classified into two general areas, depending upon whether time domain or frequency domain spreading is employed. In the former case (often called MC DS-CDMA), transmitted symbols are multiplied by low-rate spreading sequences in time, yielding conventional, narrowband DS waveforms. The complete DS-CDMA waveforms are then transmitted at different carrier frequencies, such that the net bandwidth allocation is equal to that of a single carrier DS-CDMA system using a higher rate spreading sequence [2] -
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Jung-Hun Oh, Ki-Doo Kim, and Laurence B. Milstein [8] . In the latter case (called MC-CDMA), however, the spreading sequence is serial-to-parallel converted such that each chip modulates a different carrier frequency, and thus, the data symbol is transmitted in parallel [9] - [12] . Such systems are commonly referred to as Orthogonal Frequency Division Multiplex CDMA (OFDM-CDMA) systems. Both classes of MC modulation systems show a similar capability in mitigating the effects of fading. However, the time spreading class, in general, employs a smaller number of carriers relative to the frequency spreading class, and thus, is less complex. The system proposed in this paper belongs to the time spreading class of systems.
In [2] , Kondo and Milstein proposed a scheme where a data sequence multiplied by a spreading sequence modulates disjoint multiple carriers. The receiver provides a correlator for each carrier, and the outputs of the correlators are combined with a maximal-ratio combiner. Bandlimited spreading waveforms are used to prevent self-interference, and system performance is evaluated in the presence of partial-band interference over a slowly fading Rayleigh channel, under the assumption that all sub-bands are subject to independent fading. In [5] , Xu and Milstein analyzed the effect of correlation among the subcarriers on the performance of the system of [2] . In [7] , an orthogonal multicarrier DS-CDMA system is proposed by Sourour and Nakagawa, where the data bits are serial-toparallel converted into M parallel branches. The bits on each branch are transmitted on S orthogonal overlapping carriers, and the spectral efficiency is shown to increase by this overlapping. In [3] , Rowitch and Milstein presented a multicarrier asynchronous DS-CDMA system, wherein the output of a convolutional encoder modulates multiple bandlimited DS-CDMA waveforms which are transmitted in parallel at different carrier frequencies. The receiver detects and combines signals for the desired user and feeds a soft decision Viterbi decoder. Compared to the performance of a conventional single carrier DS-CDMA system with a rake receiver, their system demonstrated similar performance at roughly equal receiver complexity in the absence of narrowband interference, and superior performance of the multicarrier system in the presence of narrowband interference.
In this paper, we present an overlapped multicarrier DS-CDMA system, wherein each of the rate M / 1 convolutionally-encoded symbols is also repetition coded and transmitted using overlapped multicarriers. We use the same transmitter/receiver model as in [3] . However, since the frequency spectrum of successive carriers is allowed to overlap, the transmission bandwidth is more efficiently utilized. The effect of the overlapping percentage between successive carriers of a multicarrier DS-CDMA system on the performance is investigated. We suggest two methods for sub-band overlapping variation. One is to allow variation of sub-band overlapping under fixed number of subcarriers. The other is to increase overlapping percentage (diversity order) after fixing the subband bandwidth same as that in [2] .
We analyze the possibility of reduction in total MUI by considering a raised-cosine wave-shaping filter having a roll-off factor ( 1 0 ≤ < β ). We also show that the variation of the BER versus overlapping percentage is strongly dependent on the roll-off factor β regardless of M and R . Thus, we will obtain the overlapping percentage showing the best BER performance for a given β . It will be shown that the proposed system outperforms the multicarrier DS-CDMA system in [3] .
II. SYSTEM MODEL Figure 1 In (1), β is the roll-off factor of a chip wave-shaping filter ( 1 0 ≤ <β ), and 1 c T is the chip duration of the single carrier DS system. In the multicarrier DS system of [3] , it is assumed that the overall bandwidth is the same as that of the bandlimited single carrier DS system, and the entire spectrum is divided into MR equi-width disjoint frequency bands as shown in Fig. 1(b) . For notational convenience, we refer to the multicarrier system in [3] and the proposed multicarrier system as a conventional system and a proposed system, respectively. In the proposed system, we assume that the overall bandwidth is the same as that of the bandlimited single carrier DS system, and the frequency spectrum of successive carriers is allowed to overlap. We divide into s BW MR equi-width sub-bands where overlapping is allowed, as can be seen in Fig. 1(c) , for reasons that will be made clear below. The parameter M will specify the number of convolutionally-coded symbols per input data symbol, and will specify the number of frequency diversity branches per coded symbol. Note that the transmission bandwidth may be more efficiently utilized in the proposed system since it exhibits an increased processing gain (PG) roughly by a factor of two, explained by the 50% overlap with the adjacent spectra under the fixed value of R MR . Also, from classical results on diversity processing, it is well known that, beyond the fourth order independent diversity, there are negligible gains in performance [3] , [13] . Thus, given a large number of frequency diversity branches, instead of sending the same data symbol on all diversity branches, it makes sense to transmit multiple coded symbols simultaneously to make the best use of the available frequency sub-bands. The bandwidth of each frequency sub-band, , is given by
where is the chip rate of the proposed system. When we consider variable overlapping such that the separation between 
where λ is allowed to vary between 0 and 2, which results in overlapping percentage of 100% to 0%. Note that the results in [3] correspond to the case of 0% overlapping. Let denote the processing gain of the proposed system. Then, for any selection of (4) where N 1 is the processing gain in the single carrier DS-CDMA system when β = 0.5.
Transmitter
The transmitter of the proposed system for the k th user is shown in Fig. 2 . The transmitter consists of a rate convolution encoder, interleaver and serial-to-parallel converter, symbol mapper and DSSS/BPSK modulators. Across each of the
MR carrier frequencies, if we use a QPSK architecture, we may transmit in-phase and quadrature DS-CDMA signals such that two distinct binary symbols are transmitted at a given carrier frequency. The number of frequency diversity branches per coded symbol will be 2 . However, for simplicity, we mainly present the case of BPSK, where the number of frequency diversity branches per coded symbol will be R. For either case, note that each user simultaneously uses all R MR sub-carriers and thus occupies the entire wideband spectrum.
To further ensure uncorrelation among the M coded symbols, we may incorporate sufficient interleaving to achieve time diversity.
We use the same transmitter model as in [3] . The binary data sequence,
, is input to a rate M / 1 convolutional encoder, and the output code symbols are serialto-parallel converted such that M parallel code symbols,
, may be transmitted simultaneously. As for the sym-
be an ordered set of carrier frequencies, such that
. We specify the mapping of the M
where
From the symbol mapping specified in (5), it can be seen that the minimum frequency separation, , modulates an impulse train. After passing through a chip wave-shaping filter, the baseband DS-CDMA waveform is BPSK modulated and multiplexed with other sub-band carrier.
Channel
The multipath channel has been extensively measured and analyzed in the past. The channel model used here is from [14] and [15] . The channel is assumed to be a slowly varying, frequency selective, Rayleigh fading channel with a delay spread of m T , as in [2] . We assume that the single carrier system experiences L th order path diversity, where
We choose M and R to satisfy the following two conditions. First, each sub-band of a multicarrier system has no selectivity, i. e., 1 / < c m T T . This condition can be expressed by [7] . 2 1
Second, we choose M and R satisfying (9a) to achieve uncorrelated fading between the sub-carriers associated with any two repetitions of a given code symbol
where c f ) (∆ is coherence bandwidth of the channel, which is given by [14] .
It is important to note that the proposed system allows much greater flexibility of determining M and R for any given value of L, whereas in [3] , MR is a fixed value equal to L and furthermore the system in [3] gains no frequency diversity advantage when L is a prime number.
The transfer function of the q th frequency band for the k th user is given by 
Receiver
We use the same receiver model as in [3] . The received signal is represented by
where c E is the energy per chip, ) (t h is the impulse response of the chip wave-shaping filter, ) ( f H , and ) (t n W is AWGN with two-sided power spectral density of 2 / [ π due to the transmitter. In the receiver, we will consider a raised-cosine wave-shaping filter whose magnitude squared transfer function,
where W is the chip rate. We use the same structure for DSSS demodulation at sub-carrier (1 ) shown in Fig.  2 .4 in [3] , where each correlator consists of a bandpass matched filter operation, followed by coherent demodulation, sampling, despreading and summing (from n'=0 to N -1). The MR q ≤ ≤ receiver test statistics are then demapped into M partitions of terms in accordance with the mapping rule of (5). Each partition is inputted to a maximal-ratio combiner producing a diversity combined test statistic corresponding to each of the code symbols.
III. ANALYSIS
Output of the Chip Matched Filter
We evaluate the performance of the first user (k = 1), assuming perfect carrier, code, and bit synchronization. Then the output, prior to sampling, from the correlator branch at the q th subcarrier frequency, , is given by
where is the desired signal, represents the interference from the adjacent carriers (overlapped subbands) of the same user (k = 1), represents the interference from the same carrier (same sub-band) of the other users (k > 1), represents the interferences from the adjacent carriers (overlapped sub-bands) of the other users (k > 1), and is the filtered AWGN. In (12),
where Lp{ } represents a lowpass filtering operation, and is the AWGN term at the q ) (t n q W th matched filter output. For 
The conditional variances for the , , and components can be represented by (23), (24), and (25), respectively:
where 
The conditional variance for the AWGN component is given by α , the variance in (22) is unconditional. We now consider the statistics of the inputs to a given maximal-ratio combiner. To do this, we must define the mechanism by which the symbol demapper partitions the MR correlator outputs, 
Define the test statistic for the maximal-ratio combiner corresponding to the i th convolutionally-coded symbol as
where the optimal gain coefficients , are selected according to
as shown in [2] . We assume that the
are varying sufficiently slowly (perfect channel state information) so that the estimates of the gain coefficients are simply 
Soft Decision Viterbi Decoder
For an arbitrary convolutional encoder, the corresponding transfer function, , may be used in conjunction with the Chernoff bound in [14] , [16] to the probability of bit error, as [3] , [16] ) , , , , ( 
representing the degree of interference of adjacent sub-bands for numerical performance analysis.
Numerical Results
We analyze the performance with sub-band overlapping variation to determine the overlapping percentage showing the best performance. To do this, we investigate the possibility of reduction in total MUI by considering the variation of both the roll-off factor ( 1 0 ≤ < β
) and the sub-band overlapping factor ( 0 2 ≤ < λ ), and show that the proposed system may outperform the multicarrier DS-CDMA system in [3] . For the performance comparison between the proposed system and the conventional system, we take the same parameters, used in the wideband single carrier system [2] . The reference parameters are total bandwidth ( s BW ), number of total users ( u K ), bit duration ( b T ), processing gain without convolution coding ( 1 N ), roll-off factor (β ), and path diversity order ( L ).
For sub-band overlapping variation, we suggest two methods. First, we allow variation of sub-band overlapping when MR is fixed. Second, we suggest the variation of overlapping percentage (diversity order) after fixing the sub-band bandwidth (fixing the processing gain) same as that in [2] .
In the first case, we investigate the influence of a processing gain and the effect of ) , ( β λ Λ a under a fixed diversity gain. We will determine the overlapping percentage showing the best performance through the variation of sub-band overlapping.
In the second case, we investigate the effect of ) , ( β λ Λ a and a diversity gain due to the variation of sub-band overlapping. Then, we analyze the influence of the BER performance by increasing the diversity order.
Given the path diversity order, L, in the wideband single carrier system, when the MR is selected from (8), the sub-band bandwidth will become smaller than or equal to coherence bandwidth. Therefore, each sub-band of the proposed system has nonselective fading. For the convenience, we assume that the coherence bandwidth of the channel equals the sub-band bandwidth. If the sub-bands corresponding to repetition code symbols do not overlap with each other, all sub-bands are assumed to be uncorrelated. For either method, we can see that the variation shape of the BER performance is almost identical regardless of M and R for a given β since the overlapping percentage which maximizes the average SNR in (40) is strongly dependent on β.
The performance result by the first method can be explained as follows. In Fig. 3 , we choose MR to guarantee frequency nonselective fading at overlapping percentage of 80%. Figure 3 shows the BER variation as the sub-band overlapping percentage varies while frequency nonselectivity and independent fading are guaranteed. In the proposed system, when the overlapping percentage is over 85.7% for = M 7, and 87.5% for = M 8, the sub-bands that transmit the same repetition code symbols will be overlapped, so sub-bands are subject to correlated fading. In the correlated fading, we can easily obtain the BER performance using the results in [4] , [5] , but the BER performance becomes worse. Thus, we will only evaluate the BER performance under the independent fading. When MR is fixed, the increase of overlapping percentage will widen subband bandwidth and enhance processing gain, while increasing the interference from the overlapped sub-bands. To help explain the performance of the BER in Fig. 3 
we represent the first three sub-bands' frequency spectrum out of 32 sub-bands in Fig. 4 . In Fig. 4 , we can see that overlapped sub-bands interference will be much greater after 63.9% overlapping, so we must investigate the dominant effect between interference and processing gain before 63.9% overlapping. Below 32.4% overlapping, because the increasing effect of processing gain is much greater than that of ) ,
Overlapping % interference, we can see that the BER is decreasing, and after 32.4% overlapping, the increasing effect of sub-band interference is greater than that of the processing gain. Therefore, until 52.5% overlapping, the BER is increasing. However, roughly between 52.5% and 63.9% overlapping, the effect of the processing gain is greater than that of sub-band interference, so the BER decreases. Also, after 63.9% overlapping, because both the sub-band interference and the number of overlapped subbands increase, this does not give any improvement of the BER performance even though the processing gain increases. The reason why the bump appears for = β 0.5 in Fig. 3 is that the increase of the adjacent sub-band interference is relatively smaller than that of the processing gain until the third sub-band overlaps with the flat region of the first sub-band (66.7% overlapping) from starting to overlap with the first sub-band (50% overlapping), as shown in Fig. 4 . For = β 1.0, the bump does not appear. However, as β gets smaller, the bump appears more significantly. In the case of = β 1.0 in Fig. 3 , until about 48.9% overlapping, the increasing effect of the processing gain has much greater influence on the improvement of the BER than the increasing effect of sub-band interference. After 48.9% overlapping, however, because both the sub-band interference and the number of overlapped sub-bands increase, the BER can be worse. This result may be clarified further by the results in Figs. 5, 6 , and 7.
In order to investigate the performance change due to the variation of overlapping percentage, we represent the ISR at q th ( MR q , 1 ≠ ) sub-band in Fig. 5 using (41). Since SNR is described as the inverse of ISR, as shown in (40), the ISR becomes an important factor in determining the BER performance. Therefore, we may estimate the BER performance through the change of ISR caused by the variation of overlapping. The processing gain and ) , ( β λ Λ a , which form ISR, are dependent on the variation of sub-band overlapping. If the increasing rate of processing gain is greater than that of ) , ( β λ Λ a , ISR will be decreased and the BER will improve. For this reason, we can estimate the BER performance from the characteristic of ISR. Figure 6 shows ) , ( β λ Λ a versus the variation of overlapping percentage. In the case of = β 0.5, we can see that the overlapped sub-band interference is going to increase slowly until about 63% overlapping, but it will increase more rapidly after this point. This is more apparent in the case of = β 0.25, and increasing rate of ) ,
is severe at about 21% and 60% overlapping. This tendency is caused by the shape of a chip-matched filter that determines the frequency spectrum shape of each sub-band. Generally, the shape of the chip matched filter is defined by a roll-off factor, β . Especially, in case of = β 1, the overlapped sub-band interference is smaller than that of other , β because power spectral density in tail sub-band is low.
In case of = M 8, = R 4, using (4), we can describe the relation of the processing gain and variation of overlapping percentage shown in Fig. 7 . Setting a reference point of the overlapping percentage at 50% for convenience, the increasing rate of the processing gain above 50% is greater than below 50%. We can see that the increasing rate of the processing gain becomes greater as the overlapping percentage increases. If the overlapping percentage is greater than 50%, it can increase the number of sub-bands and sub-band interference. However, since the processing gain also increases, as a result there is not much of degradation on the BER performance as shown in Fig. 3 . Especially, since we have a larger processing gain for β in case of = β 0.5 from the Fig. 3 , the BER may be improved when the overlapping stays roughly between 52.8% and 63.9%. Eventually, we found that the BER performance through the variation of overlapping percentage is determined by the processing gain and ) ,
When each sub-band satisfies frequency nonselectivity and independent fading, under the fixed value of MR (total number of sub-band carriers), Fig. 8 shows that the variation shape of the BER performance is almost identical regardless of M and R when the value of β is the same. As a result, the best BER performance can be achieved at 32.4% and 46.9% in the case of = β 0.5 and = β 1.0, respectively. Fig. 9 . Comparison of the BER for multicarrier DS-CDMA systems. for the various β . Figure 9 shows the BER versus 0 /η b E , of the proposed system for = M 4, = R 4 at two different overlapping Percentages, 32.7% and 50%, compared with the conventional system for = M 4, = R 2. We select = β 0.5 as the roll-off factor for both the proposed system and the conventional system. The BER at 32.7% overlapping, which gives the best performance by the first method, was more improved by 1.7 times than the BER at 50% overlapping for = M 4, = R 4, and
30 dB. Also, the BER at 32.7% overlapping for
was more improved by 6.3 times than that of the conventional system ( = M 4, = R 2), which has the same diversity order by using QPSK modulation.
Next, we will describe the result of the second method. First, Fig. 10 shows the variation of the BER with increasing diversity order, R , based on the fixed sub-band bandwidth for 0% overlapping, with = M 8, = R 1. Therefore, the overlappedpercentage is increased by the diversity order without any change of the processing gain after fixing sub-band bandwidth of the proposed system. For = M 8 
Eb/No
Probability of Bit Error system has the same performance and frequency spec trum compared with conventional system [3] using BPSK modulation, because the adjacent sub-bands are not overlapped. If we increase the diversity order, adjacent sub-bands will be overlapped, so in case of = R 2 and = R 3, the overlapping percentages will be 53.3% and 69.7%, respectively. As the BER performance of conventional system is not improved much after diversity order 6 [3] , [13] , the proposed system is also not improved much after diversity order 6 (about 85% overlapping) because the overlapped sub-band interference is increased. With the second method, in the process of increasing overlapping percentage, if the diversity order is greater than 7, each sub-band that Diversity Order (R) ISR transmit the same repetition code symbols will be overlapped,so it can be subject to correlated fading. Accordingly, to satisfy independent fading, we can choose maximum diversity order as 7 for = M 8 in the proposed system. Figure 11 shows the BER performance by increasing diversity order in the proposed system when the path diversity order ( L ) of a single carrier system is 16. In this case, we fix subband bandwidth as that of = M 8, = R 2, which will not be overlapped. Compared with the result of Fig. 10 , the processing gain of each sub-band has been reduced by half, but by the increase of diversity order, the BER performance has improved. Also, we can see that the BER has not much improved after diversity order 6. However, the BER performance for = R 3 is better than that of = R 4, because the ISR for = R 3 is much less than the ISR for R >3 as can be seen in Fig. 12 . Figure 12 shows the ISR versus diversity order. In this case, the processing gain is fixed for a given β . If β is fixed, the processing gain will be identical even though the overlapping percentage has varied. Therefore, the ISR at q th ( MR q , 1 ≠ ) sub-band described in (41) will be determined by ) , ( β λ Λ a and R . Since the overlapping percentage increases with increasing diversity order, we have the increase of ) , ( β λ Λ a and we can see that the ISR is also increasing, but the BER performance improves as diversity order gets higher. The ) , ( β λ Λ a for 34.7% overlapping ( = R 3) and = β 0.5 is greater than the ) , ( β λ Λ a for the same overlapping percentage and = β 1.0. However, the ISR is lower at = β 0.5 because the processing gain for = β 0.5 is greater than that for = β 1.0. For 51.6% overlapping ( = R 4), the ISR is lower at = β 1.0 even though the processing gain has small value, because power spectral density in tail sub-band spectrum is low. Eb/No
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As overlapping percentage increases, it is efficient to use chipmatched filter having large value of β. Figure 13 shows the results by the second method that has the 4th order of diversity compared with the conventional system for = M 8, and
2. In addition, we compared this result with the result of method 1. In this case, we assume that both systems have the same diversity order. In the results of the second method, the proposed system has the same processing gain as the conventional system because both systems have the same sub-band bandwidths. Since the conventional system takes the QPSK in the demodulation process of in-phase subband signal, it is affected by in-phase and quadrature-phase sub-band interferences from other users. Both interferences have the same magnitude. However, since the BPSK is used in the proposed system, each sub-band is affected by both the same and overlapped sub-band interferences. The interference in the same sub-band of the proposed system and the in-phase sub-band interference in the conventional system are identical. But the BER has improved almost 4 times at 30 dB by the second method because the overlapped sub-band interference is smaller than the quadrature-phase sub-band interference. In Fig. 13 , since the comparison of the first and second method is taken under the same diversity order, the BER performance by the first method outperforms the second method as we can predict from Fig. 5 . However, using the second method, it may have an advantage of better BER performance by increasing the diversity order.
= R

VI. CONCLUSIONS
In this paper, we propose an overlapped multicarrier DS-CDMA system, in which two methods for sub-band overlapping are suggested. One is to allow variation of sub-band overlapping percentage under the fixed number of subcarriers. The other is to vary overlapping percentage (diversity order) with fixed sub-band bandwidth same as in [2] . Using the first method, we determine the overlapping percentage showing the best performance and prove that the variation of performance is strongly dependent on the roll-off factor, .
β In the case of = β 0.5, it shows the best BER performance roughly at 33% overlapping. It has improved by about six times than with the conventional system when both have the same diversity order and coding rate.
When we consider the case of 32.5% overlapping for = M 8 and 4 by the first method, it gives better BER performance compared with the conventional system ( = R = M 8, 2) as shown in Fig. 3 . Also, it has an advantage of being implemented with slow processing time resulting from a longer chip period since the sub-band bandwidth of the proposed system becomes smaller (roughly 0.7 times) than that of the conventional system.
= R
In the second method, we can see that the increasing overlapping percentage (diversity order) brings the BER improvement. If we make diversity order higher than that of method 1, it may give better performance than the result of method 1. However, we can see that the BER has improved negligibly after diversity order 6 (85% overlapping) because of the increase of overlapped sub-band interference.
